Excessive drop in blood pressure (BP) after standing up, namely orthostatic hypotension, has been recognized as a risk factor for cardiovascular diseases 1-5 and mortality, 4-6 not only in elderly persons 2,4,6 but also in middle-aged populations. 1, 3, 5 One mechanism for the large BP drop is decreased baroreflex sensitivity. Because baroreceptors are in aortic arches and sense BP by responding to the stretching of the arterial wall, 7 atherosclerosis in large arteries is thought to be a primary cause of baroreceptor dysfunction and consequent postural BP drop. 8, 9 Postural increases in BP are also frequently observed in the elderly. Although unified definition has not been made for this phenomenon, postural increases in systolic BP (SBP) greater than 20 mm Hg is usually considered as orthostatic hypertension. 10 Literatures reporting epidemiological significance of orthostatic hypertension is limited; an earlier study reported frequent silent cerebral infarction 11 in orthostatic hypertensive individuals. In addition, it was recently reported that orthostatic hypertension in older persons might be a risk factor for cognitive decline 10 and cardiovascular morbidity and mortality, 12 although conflicting results have also been reported. 13,14 A plausible mechanism for orthostatic increases in BP may be excessive sympathoexcitation against postural stimuli. Carotid hypertrophy was previously reported as another mechanism for orthostatic BP dysregulation 15 based on a U-shaped relationship between orthostatic BP change and carotid intima-media thickness (IMT). 
Anthropometric factors, including shorter body height and heavier body weight, may also underlie rises in orthostatic BP. 16 Given the results of a previous experimental study reporting a significantly higher BP in a bending position than in a natural sitting position 17 (which may be due to increases in intra-abdominal pressure and consequently higher cardiac afterload), it is conceivable that not only body size but also a standing posture may be a determinant for orthostatic BP. Indeed, stooping posture has been recognized as a physical maneuver to compensate for orthostatic intolerance in a case with neurogenic orthostatic hypotension. 18 Given this background, stooping posture may be a determinant for a rise in orthostatic BP even in community-dwelling older persons, particularly in individuals with abdominal obesity.
In the current study, we analyzed a data set from the Nagahama Prospective Cohort for Comprehensive Human Bioscience (the Nagahama Study), a community-based cohort study in Japan with measurements of orthostatic BP and sagittal spinal alignment, to clarify the hypothesis that standing posture may be an overlooked determinant for orthostatic BP change.
METHODS

Study participants
We analyzed the second visit data set (follow-up measurement) describing participants in the Nagahama Study. Participants were recruited between 2008 and 2010 (baseline measurement) from the general population of Nagahama City, a rural city of approximately 125,000 people, located in central Japan. Eligible participants were community residents aged 30-74 years, living independently without any physical impairment or dysfunction. From a total of 9,764 baseline population, 8,289 participated in the follow-up survey between 2013 and 2015, performed 5 years after the baseline evaluation. By further recruiting 1,561 participants meeting the inclusion criteria, the second visit dataset of this cohort comprised 9,850 participants.
Among them, a total of 2,121 individuals participated in a physical performance test during the second visit, which was an optional examination for participants aged 60 years or older (n = 5,018). After excluding 129 individuals according to the following criteria: (i) hemodialysis therapy (n = 2); (ii) severe renal function decline (estimated glomerular filtration rate [194 × creatinine −1.094 × age −0.287 × 0.739 (if female) 19 ] <30 ml/min/1.73 m 2 or urine albumin ≥ 400 mg/day) (n = 24); and (iii) incomplete measurement of orthostatic BP change (n = 51) or incomplete physical performance test (n = 52), a total of 1,992 participants were ultimately included in the analysis.
All study procedures were approved by the Ethics Committee of the Kyoto University Graduate School of Medicine and by the Nagahama Municipal Review Board. Written informed consent was obtained from all participants.
BP measurement
Seated BP was measured using an automatic cuff-oscillometric device (HEM-9000AI; Omron Healthcare, Kyoto, Japan) after a few minutes resting in a sitting position. Measurements were taken twice, and the mean value was used for the analysis. Hypertension was defined as any of all of SBP ≥ 140 mm Hg, diastolic BP (DBP) ≥ 90 mm Hg, or taking antihypertensive drugs.
After the seated measurement, participants were requested to stand up without any assistance, and orthostatic BP was measured at 1 and 3 minutes after standing up. Maximum changes in SBP greater than −20 mm Hg and +20 mm Hg were considered as orthostatic hypotension and hypertension, respectively. Participant could take a comfortable position while standing. If any two orthostatic BP measurements were not successful, individuals were excluded from the analysis.
Evaluation of spinal alignment
Sagittal spinal alignment was measured at sitting and in a natural standing position using a computer-aided electronic device (SpinalMouse, Index Ltd., Tokyo, Japan), which can noninvasively measure intersegmental angles by tracing the surface of the skin along the spine between spinous process of C7 and S3. 20 Spinal angles measured in this study is graphically shown in Figure 1 . Briefly, the thoracic kyphosis angle (Th1-Th12), lumbar lordosis angle (Th12-L5), and sacral anterior inclination angle were calculated by a dedicated software. The thoracic kyphosis angle and the lumbar lordosis angle were calculated from the sum of 11 segmental angles from Th1/2 to Th11/12, and six segmental angles from Th12/L1 to L5/S1, respectively. The sacral anterior inclination angle was calculated as the difference between the sacral angle and the vertical plane. Measurements were taken three times, and the mean values were used for the analysis. Correlation coefficients of the lumbar lordosis angle and sacral inclination angle, measured using SpinalMouse and by radiography, were 0.794 and 0.646 (P < 0.001), respectively. 21 
Assessment of sarcopenia
Sarcopenia was defined as weak hand grip (<26 kg for men, <18 kg for women) or slow usual gait speed (<1.0 m/s), and low skeletal mass index (<7.0 kg/m 2 for men, <5.7 kg/ m 2 for women). 22 Left and right grip strength was alternately measured twice for each hand in a sitting position using a standard digital grip dynamometer (Grip-D, T.K.K. 5401, Takei Scientific Instrument Co., Ltd., Japan; or YD, TTM, Tokyo, Japan). Greater values of the right and left grip, calculated by averaging the two measurements, were used for the analysis.
Usual gait speed was measured on a 12 m walkway using photoelectric sensors placed 1, 2, 4, 8, and 10 m from the starting line (Brower Timing Systems, Co., Ltd., UT). The gait speed was calculated from the transit time between the measurement points at 4 and 10 m on the walkway. Duplicate measurements were taken, and the mean value was used for analysis.
Appendicular lean mass was estimated by using a bioelectrical impedance analysis device (InBody 430, InBody Co., Ltd., Seoul, Korea). This device measured resistance and reactance of arms, trunk, and legs separately at three frequencies (5, 50 , and 250 kHz) of alternating current of 250A, using a tetrapolar, eight-point tactile electrode system. Total body water was estimated using the sum of five segmental impedances, and then fat-free mass was calculated based on the assumption that hydration of fat-free mass was 73.2%. Lean mass was estimated by subtracting bone mass calculated by a prediction equation based on dual-energy X-ray absorptiometry measurement from the fat-free mass. 23, 24 Skeletal mass index was obtained by dividing appendicular lean mass by squared body height. 25 Validity and reproducibility of appendicular lean mass and fat mass measurements by the segmental multiple-frequency bioelectrical impedance analysis method was reported to be comparable to dual-energy X-ray absorptiometry 23, 25, 26 and hydrostatic weighing. 23 
Carotid hypertrophy
Carotid IMT was measured as an index of atherosclerosis using one of the following devices with a 7.5-MHz probe: Prosound 2 or SSD-3500SV (Aloka Co, Ltd., Tokyo, Japan), XARIO SSA-660A (Toshiba Medical Systems Corporation, Tochigi, Japan), or UF-760AG (Fukuda Denshi Co., Ltd., Tokyo, Japan). After a few minutes of rest in the supine position, IMT of the far wall was manually (Aloka or Toshiba) or automatically (Fukuda Denshi) measured from B-mode images at 1 cm intervals, proximal to the bulb from the lateral approach. For the analysis, mean IMT was manually calculated from the three readings or the automatically measured 272 readings within 2 cm range.
Basic clinical parameters
Basic clinical characteristics, including anthropometric factors, were obtained at the follow-up investigation. Smoking and drinking habits, medication use, and a history of cardiovascular disease (symptomatic stroke or ischemic heart disease), were determined using a structured, selfadministered questionnaire. Smoking habit was categorized as current smoker: who currently smokes cigarettes, past smoker: who has smoked usually and had quit smoking at the investigation, and never smoker: who has never smoked on their lifetime. Alcohol consumption was measured using the Japanese traditional unit of alcohol (Go), where 1 Go equals 22 g of ethanol.
Statistical analysis
Values were mean ± standard deviation or frequency. Group differences in numeric variables were assessed by analysis of variance, and the Dunnett's test was used for a post hoc analysis. Frequency difference was assessed by chisquared test. Factors independently associated with orthostatic BP change were assessed by linear regression analysis. Collinearity among independent variables was assessed by variance inflation factor (VIF). All statistical analysis was performed using JMP statistical software (JMP Pro ver. 13.2.0; SAS Institute, Cary, NC). A P-value < 0.05 was considered statistically significant. The thoracic kyphosis angle and the lumbar lordosis angle were calculated from the sum of 11 segmental angles from Th1/2 to Th11/12, and 6 segmental angles from Th12/L1 to L5/S1, respectively. The sacral anterior inclination angle was calculated as the difference between the sacral angle and the vertical plane. Values are mean ± standard deviation or a frequency. Alcohol consumption was calculated by multiplying the amount consumed in a single day and number of drinking days per week and was represented using Japanese traditional units of alcohol (Go), where 1 Go corresponds to 22 g of ethanol. Cardiovascular diseases (CVD) include symptomatic myocardial infarction and stroke. Orthostatic changes in systolic blood pressure (SBP) was calculated as a maximum difference between sitting SBP and standing SBP measured at 1 or 3 minutes after the postural change. Hypertension was defined as any of all of SBP ≥140 mm Hg, diastolic blood pressure (DBP) ≥90 mm Hg, or taking antihypertensive drugs. Sarcopenia was defined as weak hand grip (<26 kg for men, <18 kg for women) or slow usual gait speed (<1.0 m/s), and low skeletal mass index (SMI) (<7.0 kg/m 2 for men, <5.7 kg/m 2 for women). Abbreviations: BMI, body mass index; IMT, intima-media thickness.
RESULTS
Clinical characteristics of the study participants are shown in Table 1 . The study participants ranged between 60 and 81 years old. Men was slightly older than women (men: 69.2 ± 5.3, women: 67.5 ± 5.2 years old, P < 0.001). Changes in orthostatic SBP were significantly larger in men (men: −2.7 ± 11.8, women: −0.8 ± 11.5 mm Hg, P = 0.001), and inversely but weakly associated with body height (r = −0.091, P < 0.001).
Parameters for spinal alignment were also significantly different by sex (standing posture; thoracic kyphosis, men: 36.7° ± 9.7°, women: 35.6° ± 12.0°, P = 0.036; lumbar lordosis, men: 10.6° ± 10.5°, women: 14.9° ± 13.1°, P < 0.001; sacral inclination, men: 4.4° ± 7.9°, women: 6.1° ± 8.4°, P < 0.001). As for anthropometrical factors, thoracic kyphosis (r = 0.086, P < 0.001), but not lumbar lordosis (P = 0.243) and sacral inclination (P = 0.150), showed weak correlation with body height. However, no significant differences were observed in these spinal parameters between sarcopenia and nonsarcopenia groups (thoracic kyphosis: P = 0.830, lumber lordosis: P = 0.406, sacral inclination: P = 0.913).
Figure 2 depicts differences in lumbar lordosis among subgroups divided by orthostatic SBP change measured at 1 ( Figure 2B ) or 3 minutes ( Figure 2C ) after standing up, as well as the maximum change in the two measurements (Figure 2A) . Results of the post hoc analysis indicated a significantly smaller degree of lordosis in the orthostatic hypertensive individuals. Several factors, namely age, sex, body height, waist circumference, baseline SBP, carotid IMT, but not frequency of sarcopenia, were also significantly different among orthostatic normotensive, hypotensive, and hypertensive participants (Table 2 ). Not only lumber lordosis but also other parameters for spinal alignment, were also different among the subgroups (Table 2 ). However, results of linear regression analysis (Table 3) identified lumbar lordosis at standing position (model 1), but not sacral inclination (model 2), as a strong inverse determinant for orthostatic SBP change, irrespective of the strong intercorrelation between lumbar lordosis and sacral inclination (r = 0.751). Although a strong intercorrelation was also observed between lumbar lordosis and thoracic kyphosis (r = 0.437), thoracic kyphosis showed independent but relatively weak association with orthostatic SBP change (model 3). When the regression model 3 was analyzed by sex, the inverse association of lumbar lordosis remained significant in both sexes (men: β = −0.142, P < 0.001, women: β = −0.167, P < 0.001), while the association of thoracic kyphosis remained significant in men (β = 0.123, P = 0.002) but not in women (P = 0.292).
As there was a strong correlation between lumbar lordosis measured at sitting and standing positions (r = 0.618), similar results were observed when lordosis at sitting position was included in regression model 1 (β = −0.117, P < 0.001) instead of that measured at standing position. However, when lumber lordosis at standing position and postural changes in the lordosis were included in the same regression model, lordosis measured at standing position (P < 0.001, VIF = 1.31), but not the postural change (P = 0.045, VIF = 1.20), was identified as a significant determinant, suggesting that lumber lordosis at standing position was a primary determinant for the orthostatic BP change. Figure 3 depicts frequency differences in orthostatic hypertensive participants by the degree of lumbar lordosis and waist circumference, those were independently associated with orthostatic SBP change (Table 3) . Although, there were weak intercorrelation between lumber lordosis and waist circumference (r = −0.113, P < 0.001), the frequency of orthostatic hypertensive individuals, as well as mean orthostatic SBP change, was linearly increased with the combination of high waist circumference and small degree of lumbar lordosis, which were defined using median values calculated within sex as a cutoff point.
The inverse association of lumber lordosis was also observed with orthostatic BP change measured at one (β = −0.125, P < 0.001) and three minutes (β = −0.163, P < 0.001) after standing up in an analysis adjusted for the same covariates with the regression model 1. Other factors that showed significant associations with the orthostatic SBP change were waist circumference (at 1 minute: β = 0.143, P < 0.001, at 3 minutes: β = 0.144, P < 0.001) and seated SBP (at 1 minute: β = −0.261, P < 0.001, at 3 minutes: β = −0.325, P < 0.001), while body height was only associated with the BP change measured at 3 minutes standing (β = −0.093, P = 0.007). When participants were subdivided by the combination of orthostatic SBP change at 1 and 3 minutes after standing up (Figure 4) , individuals with sustained orthostatic hypertension showed the smallest degree of lumbar lordosis, followed by individuals who were diagnosed as orthostatic hypertensive for the first time at the 3-minute measurement. Major factors independently associated with the sustained orthostatic hypertension (n = 108) were smaller lumber lordosis (odds ratio = 0.95, P < 0.001), larger waist circumference (odds ratio = 1.06, P < 0.001), shorter body height (odds ratio = 0.94, P < 0.001), and lower seated SBP (odds ratio = 0.98, P = 0.001) in the logistic regression model included the same covariates with the regression model 1. In this regression analysis, sex was not included as a covariate, because body height, a factor that was differently association with orthostatic SBP change at 1 and 3 minutes, was largely different by sex.
DISCUSSION
In this cross-sectional analysis based on a general Japanese population, lumbar lordosis was a major independent determinant for orthostatic BP change. Participants with small degree of lumbar lordosis and higher waist circumference were likely to be orthostatic hypertensive. Participants with sustained orthostatic hypertension for 3 minutes after standing had the smallest degree of lumbar lordosis.
A plausible reason why small lumbar lordosis and consequent anteversion posture was associated with a rise in orthostatic BP might be increasing intra-abdominal pressure and tortuosity of large arteries. Previous experimental studies 27, 28 that measured intra-abdominal pressure during a head-up tilt test in a spine position observed a proportional increase in the pressure to the head-up tilt angle. Visceral compression between the rigid thorax and pelvis by head of bed elevation was considered as a primary cause of intraabdominal pressure elevation. Increase in the abdominal pressure causes compression of large artery and consequent increases in cardiac afterload. Also, it causes a transient increase in cardiac preload resulting from increased venous return from the inferior vena cava by intra-abdominal pressure rising. These hemodynamic changes might be a mechanism relating stooping posture in a standing position and increases in orthostatic BP. Rapid increasing in BP during a bending-forward maneuver 17 also supports these considerations.
Body mass index has been reported to be closely associated with intra-abdominal pressure 29 in various populations. 30 Further, in morbidly obese patients, greater intra-abdominal pressure showed linear association with number of obese-related comorbid conditions including systemic hypertension. 31 These observations may be a physiological explanation why waist circumference was identified as a determinant for orthostatic BP change in our study population, and further support an involvement of intra-abdominal Values are mean ± standard deviation or a frequency. Statistical significance was assessed by analysis of variance of a chi-squared test. Alcohol consumption was represented using Japanese traditional units of alcohol (Go), where 1 Go corresponds to 22 g of ethanol. Cardiovascular diseases (CVD) included symptomatic myocardial infarction and stroke. Abbreviations: IMT, intima-media thickness; SBP, systolic blood pressure.
pressure as a factor relating stooped posture and increases in orthostatic BP.
Body height might be a confounding factor for the association between lumbar lordosis and orthostatic BP change, because it showed significant correlation with both parameters. However, given the results of multivariate analysis, the present findings might not be a statistical error caused by confounding of anthropometric factors. Although both body height and spinal alignment were largely different by sex, results of the sex-separated analysis denied a possibility that the present finding was a false positive arose from the mixed analysis of both sexes. Further, the frequency of sarcopenia did not differ significantly among the orthostatic hypotensive, normotensive, and hypertensive subgroups. In addition, no significant differences were observed in the parameters for spinal alignment between sarcopenia and nonsarcopenia groups. The present findings thus might also not be an epiphenomenon of systemic frailty in older participants.
We previously found a U-shaped association between carotid IMT and orthostatic BP change, 15 and the findings were replicated in the present analysis. However, IMT did not show significant association with orthostatic BP change in the multivariate analysis, possibly due to analysis using a linear regression model.
Orthostatic hypertension was thought to be a risk factor for worse cardiovascular outcomes, 11, 12 although the epidemiological evidence was not sufficient compared to that of orthostatic hypotension, and was limited for older individuals. Given the similar frequency of orthostatic hypotensive and hypertensive participants not only in present study but also in previous studies in various populations, 9, 10, 12, 32 it deserves further investigation to clarify the potential risk of orthostatic hypertension. Results of the present study provide an important caution that stooping posture and abdominal obesity should be considered as major confounding factors in future longitudinal studies aiming to Figure 3 . Frequency differences in orthostatic hypertensive participants by combination of waist circumference and lumbar lordosis levels. Study participants were subdivided into four groups by combination of waist circumference and lumbar lordosis (H: above median, L: below median). Median of each parameter was calculated within sex. Mean orthostatic systolic blood pressure (SBP) change and number of study participants in each subgroup is shown under the column and in parentheses, respectively. Frequency difference was assessed by a chi-squared test. Parameters for spinal alignment measured at standing position were used for the analysis. β: standardized coefficient. Abbreviations: IMT, intima-media thickness; SBP, systolic blood pressure; VIF, variance inflation factor.
clarify the prognostic significance of orthostatic hypertension. Osteoporosis, a major cause of spinal compression fracture and resulting stooped posture, might be another factor that needs vigilance, because osteoporosis itself might be a risk factor for poor cardiovascular outcomes. 33 There are several limitations that warrant mention. First, we used the SpinalMouse to assess spinal alignment. Although values measured using the SpinalMouse were reported to be closely correlated with those measured by radiography, there was a potential for error in the values for spinal alignment. Second, we measured orthostatic BP change and spinal alignment on separate days. However, there is a significant association between lumbar lordosis and orthostatic BP change measurements, which supports the reliability of the present findings. Third, participants in this study were healthy and lived independently. Further studies are needed to extrapolate the present findings into more frail populations, in which the prognostic significance of orthostatic hypertension is evident. 10, 12 In summary, stooped posture was shown to be an overlooked determinant for orthostatic BP change. These findings may help clarifying the physiological mechanism of rise in orthostatic BP and the prognostic significance of orthostatic hypertension. Stooped posture may be a counter maneuver for orthostatic intolerance. Figure 4 . Time-dependent association between orthostatic BP dysregulation and lumbar lordosis. Numbers of study participants in each subgroup are described in the columns. One of the 232 orthostatic hypertensive individuals at 1 minute after standing up was re-classified into orthostatic hypotensive subgroup at the 3 minutes measurement. In contrast, 3 of the 352 orthostatic hypotensive individuals at 1 minute were re-classified into orthostatic hypertensive subgroup at the 3 minutes measurement. Lumbar lordosis in each subgroup is shown as mean ± standard deviation. Statistical significance was assessed by analysis of variance, and a post hoc analysis was performed using Dunnet's test ( # P < 0.001) with individuals those orthostatic systolic blood pressure (SBP) change was ±10 mm Hg at both 1 and 3 minutes after standing up was considered as a reference group.
